1. Introduction {#sec1-sensors-17-01529}
===============

Hydrogen has many important applications such as alternative, clean energy sources, propulsion systems, and biomedical devices \[[@B1-sensors-17-01529],[@B2-sensors-17-01529],[@B3-sensors-17-01529]\]. However, serious problems are implied by hydrogen use: in concentrations over 4.6% it is highly explosive \[[@B4-sensors-17-01529]\], and over 4% it is extremely flammable \[[@B5-sensors-17-01529]\]. The additional fact that hydrogen is colorless and odorless makes the need for sensors capable of detecting concentrations of 2% or less very important.

Sensors based on resistance, MOS-field effect transistors, or optical devices have been used for hydrogen detection, each having its advantages and disadvantages \[[@B6-sensors-17-01529]\]. Surface acoustic wave (SAW) sensors have been widely used as hydrogen sensors due to advantages such as high sensitivity, fast response, reliability, and low cost \[[@B6-sensors-17-01529],[@B7-sensors-17-01529],[@B8-sensors-17-01529]\]. Detection limits for H~2~ gas of 1250 to 2000 ppm (operating temperatures 80--120 °C) \[[@B9-sensors-17-01529]\], 600 ppm (at 80 °C) \[[@B10-sensors-17-01529]\] or as low as 200 ppm (at 175 °C) \[[@B11-sensors-17-01529]\] using SAW sensors have been reported. In SAW sensors, the sensing mechanism is based on the perturbation of the surface acoustic wave propagation by mechanical and/or electrical effects. From a practical standpoint, the relevant effects for SAW sensing are changes in mass density and in electrical conductivity. In certain conditions, the changes in electrical conductivity can lead to a much stronger SAW sensor response than the changes in mass density \[[@B12-sensors-17-01529]\]. This is because the acoustoelectric interactions between the electrical potential associated with surface acoustic wave propagation on a piezoelectric crystal and the mobile electric charges in the sensing film can lead to large modifications of the SAW attenuation and propagation velocity \[[@B13-sensors-17-01529]\].

Bilayer SAW structures have been proven to increase the sensor sensitivity compared to single layer ones, and to decrease the detection limit, even in the case of room temperature operation \[[@B14-sensors-17-01529],[@B15-sensors-17-01529]\]. By using bilayer films, the absolute value of the multilayer film conductivity can be adjusted to operate in a region where the acoustoelectric effect is efficient. Various material combinations such as Pd/WO~3~, ZnO/GaN, AlN/ZnO, or ZnO/SiO~2~ have been explored for SAW gas sensors based on this effect \[[@B9-sensors-17-01529],[@B16-sensors-17-01529],[@B17-sensors-17-01529],[@B18-sensors-17-01529]\]. In the case of hydrogen sensing, an efficient acoustoelectric effect is desirable, since the mass effect for hydrogen is smaller than for heavier gases \[[@B9-sensors-17-01529]\].

We propose a SAW bilayer structure for the detection of hydrogen consisting in Pd/ZnO, which, to our best knowledge, has not been investigated. Pd has excellent hydrogen absorption properties, having the highest hydrogen solubility of any element at atmospheric pressure as well as thermodynamically favored H~2~ dissociation \[[@B19-sensors-17-01529]\]. The absorbing properties are improved even more in the case of nanoporous Pd layers, as we have shown in previous experiments \[[@B20-sensors-17-01529]\]. ZnO is a wide band-gap semiconductor which is simple, reliable, low-cost, and easily mass-produced \[[@B21-sensors-17-01529]\]. It is a piezoelectric material with a high coupling coefficient K, which is a measure of the conversion efficiency between electrical and acoustic energy \[[@B22-sensors-17-01529]\]. When a semiconducting ZnO layer is deposited on a piezoelectric substrate, its mobile carriers couple to the electric field associated with SAW propagation along the piezoelectric substrate, leading to SAW attenuation and velocity change \[[@B16-sensors-17-01529]\]. An important characteristic of ZnO for our case is the strong sensitivity of its surface conductivity to adsorbed species \[[@B23-sensors-17-01529],[@B24-sensors-17-01529]\], which will increase the overall sensitivity of the bilayer sensor to hydrogen. It is worth mentioning that ST quartz substrates, which are used in our case, have a low temperature coefficient in comparison to other materials used for SAW substrates such as LiNbO~3~ or LiTaO~3~, and are therefore less sensitive to temperature variations \[[@B25-sensors-17-01529]\]. We have therefore considered a bilayer structure consisting in a combination of a Pd layer with optimized porosity for maximizing mass effects, and a ZnO layer having an electron conductivity which is very sensitive to the exposure of the surface to hydrogen. Thus, both changes in mass density and in electrical conductivity contribute to the sensor response, leading to a SAW sensor with large hydrogen sensitivity.

2. Materials and Methods {#sec2-sensors-17-01529}
========================

2.1. Film Deposition and Characterization {#sec2dot1-sensors-17-01529}
-----------------------------------------

The sensitive layers of the SAW sensors were deposited onto ST-X quartz substrates by pulsed laser deposition (PLD). PLD was used because it presents a series of advantages in thin film deposition in general \[[@B17-sensors-17-01529],[@B26-sensors-17-01529]\], and in particular has been proven to allow good control of sensitive film porosity, which is essential for SAW gas sensors \[[@B20-sensors-17-01529]\]. The beam of a Nd:YVO~4~ laser is focused onto the surface of the target, leading to ablation of the target material and deposition onto a substrate placed at a distance of 35 mm in front of the target and parallel to its surface ([Figure 1](#sensors-17-01529-f001){ref-type="fig"}). The laser generates pulses of 10 ps duration, at a 10 kHz repetition rate, and a wavelength of 532 nm. The targets and substrate are placed in a vacuum chamber equipped with a system for the control of the gas pressure and flow. Mass flow meters are placed on the gas bottles and controlled by a mass flow controller, combined with a throttle valve placed on a rotary vane vacuum pump controlled by a pressure controller maintain the desired pressure in the ablation chamber and a controlled gas flow. Targets are placed on computer-controlled x-y tables which ensure continuous target movement during deposition, avoiding target erosion which leads to large film roughness. The system also permits deposition from multiple targets for multilayers. The laser energy density on the target can be modified by changing the distance between the focusing lens and the target.

In order to compare the sensing properties of single layer and bilayer SAW sensors, we have deposited a series of films all having a thickness of 330 nm ([Figure 2](#sensors-17-01529-f002){ref-type="fig"}), as measured using a QUANTA E = 50 keV Scanning Electron Microscope (SEM) and a Tokyo Seimitsu Surfcom 130 A profilometer. The bilayer film has a thinner metal layer (Pd) on top of the semiconducting layer (ZnO) since this is known to lead to a higher sensitivity \[[@B13-sensors-17-01529],[@B15-sensors-17-01529]\]. In addition, the very good H~2~ absorption properties of Pd ensure penetration of the gas species to the ZnO layer. The Pd, ZnO, and Pd/ZnO thin films were directly deposited onto the quartz substrates at an average laser power of 0.7 W in a gas flow of 0.5 sccm. Before deposition, the chamber was evacuated to a base pressure of 10^−5^ Torr. In the case of Pd, films were obtained by ablation of a pure Pd target (99.95%) in an Ar atmosphere of 400 mTorr. The ZnO films were obtained by ablation of a ZnO target (99.95%) in O~2~ at 400 mTorr. All depositions were made at room temperature, and no post-deposition thermal treatments were used.

The morphology of the sensing films was studied by SEM. The crystalline structure of the films and the average size of the crystallites was determined by XRD, with a Panalytical X-ray diffractometer for films and powders.

2.2. Sensor Structure and Testing {#sec2dot2-sensors-17-01529}
---------------------------------

The final value of the central frequency of the SAW device is circa 69.5 MHz; this is a decrease of about 300 kHz from the initial value, before the film deposition. The SAW sensors (delay line type), consisted of two port resonators with 50 electrodes pairs, with a periodicity of 11 µm ([Figure 3](#sensors-17-01529-f003){ref-type="fig"}). The periodicity of the IDTs was 45 µm and a 2500 µm wide acoustic aperture. The center-to-center distance between IDTs was 10 mm. The IDTs were obtained using standard photolithographic techniques, and consist in a 150-nm thick gold layer on top of a 10 nm chromium layer, the latter ensuring good adhesion to the quartz substrate \[[@B27-sensors-17-01529],[@B28-sensors-17-01529],[@B29-sensors-17-01529],[@B30-sensors-17-01529]\]. The 10 × 38 mm^2^ quartz substrate was cut at a 45° angle, in order to reduce the effect of spurious SAW reflection from the edge of the piezoelectric substrate \[[@B31-sensors-17-01529]\].

The loss signal in the oscillation circuit of the sensors was amplified (DHPVA-200 FEMTO amplifier), and the system frequency shift was analyzed (CNT-91 Pendulum counter analyzer and Time View III software). A network /spectrum /impedance analyzer (Agilent 4396B) which includes a transmission/reflection test kit (Agilent 87512 A/B) was used to optimize the inductor values and measure the signal attenuation and phase.

The performances of the sensors were determined at various hydrogen concentrations. Mass flow controllers ([Figure 4](#sensors-17-01529-f004){ref-type="fig"}) were used to combine the hydrogen gas mixture (2% H~2~/98% synthetic air) with pure synthetic air, thus obtaining different gas concentrations. The total gas flow rate was maintained at a constant value of 0.5 L/min in all cases. All sensors were measured at room temperature.

3. Results {#sec3-sensors-17-01529}
==========

3.1. Film Morphology and Structure {#sec3dot1-sensors-17-01529}
----------------------------------

The 400 mTorr gas pressure used for laser ablation in our case leads to nanoporous films both in the case of ZnO and of Pd, as can be seen in the SEM images presented in [Figure 5](#sensors-17-01529-f005){ref-type="fig"}. Such relatively high laser deposition pressures are known to lead to films having a larger porosity \[[@B20-sensors-17-01529]\]. This is due to collisions of the ablated species with the background gas, which lead to lowering of their kinetic energy and to cluster nucleation, producing films with a porous morphology \[[@B32-sensors-17-01529],[@B33-sensors-17-01529]\]. Such nanoporous films lead to superior sensing properties due to rapid gas in/out diffusion and large surface area.

[Figure 6](#sensors-17-01529-f006){ref-type="fig"} presents the XRD results for the ZnO and Pd films. The patterns reveal the formation of pure polycrystalline compounds, a stoichiometric wurtzite ZnO phase, and a fcc Pd phase, respectively. For both thin films, the mean crystallite size values were in the nanometer range: 34 nm for ZnO and 13 nm for Pd. The deposition conditions which were used circumvent the known problem of potentially substantial Zn enrichment of the ablated target, which leads to nonstoichiometric PLD-deposited ZnO films \[[@B34-sensors-17-01529]\], so that in our case the ZnO films are stoichiometric.

3.2. Sensor Properties {#sec3dot2-sensors-17-01529}
----------------------

The SAW sensor response was measured for the Pd, ZnO, and Pd/ZnO sensitive layers for hydrogen concentrations up to 2% (half of the safety limit for this gas). [Figure 7](#sensors-17-01529-f007){ref-type="fig"} shows the response of the SAW sensor at different gas concentrations, at room temperature; each experimental point is the average result of five measurements. It was observed that the frequency shift Δf is proportional to the concentration for all sensors for a gas concentration between 2000 and 20000 ppm. These results are similar to those reported by Phan and Chung in the same concentration domain, for room temperature sensor operation \[[@B35-sensors-17-01529]\].

[Table 1](#sensors-17-01529-t001){ref-type="table"} presents the sensitivities and detection limits for the sensitive layers of Pd, ZnO, and Pd/ZnO. The limit of detection (LOD) depends on the noise level, being defined as 3× noise level/sensitivity. The noise level was estimated at around 30 Hz for the all the films. The noise assessment was performed in air (without analyte) by measuring the frequency fluctuation over 10 min; it represents the maximum frequency deviation from the trend line (best-fit line). The sensitivity, defined as the frequency shift in Hz per unit analyte concentration in ppm, was determined from an average sensitivity value for a gas concentration between 0.2% and 2%. The response time (to reach 90% of maximum signal) for the sensors tested was between 12 and 16 s for these hydrogen concentrations.

The results in [Table 1](#sensors-17-01529-t001){ref-type="table"} indicate that the LOD of Pd/ZnO films was \~4.5 times better than the single ZnO films and almost 2-times better than the single Pd layers. In most cases, SAW sensors are heated in order to improve the hydrogen response \[[@B10-sensors-17-01529],[@B36-sensors-17-01529]\]. Our results are obtained for room temperature operation, and are better than or comparable to those reported by other groups in such conditions \[[@B11-sensors-17-01529],[@B12-sensors-17-01529],[@B35-sensors-17-01529],[@B37-sensors-17-01529]\].

4. Discussion and Conclusions {#sec4-sensors-17-01529}
=============================

When a bilayer (metal/semiconductor) SAW sensor is exposed to air, oxygen is adsorbed and dissociates at the metal surface. The resulting atomic oxygen diffuses to the metal/semiconductor interface, where it captures electrons and increases the depletion layer width in the semiconductor. Subsequent exposure of the bilayer sensor to H~2~ similarly results in the formation of atomic hydrogen which diffuses to the interface, reacting with the previously generated oxygen species, and releasing electrons into the conduction band of the semiconductor. The increase in sheet electron conductivity will lead to a decrease in acoustic velocity, since the SAW wave is slowed down by the presence of carriers through the acoustoelectric effect \[[@B38-sensors-17-01529],[@B39-sensors-17-01529]\].

Surface acoustic wave propagation is very sensitive to surface perturbations such as small changes in electrical conductivity. The acoustoelectric effect in the case of a single sensitive layer leads to a relative change of wave propagation velocity Δν given by $$\frac{\Delta f}{f_{0}} = \frac{\Delta\mathsf{\nu}}{\nu_{0}} \cong \frac{K^{2}}{2}\frac{\sigma_{s}^{2}}{\sigma_{s}^{2} + \nu_{0}C_{s}^{2}}$$ where Δf is the frequency shift, f~0~ the central frequency of the SAW device, ν~0~ the unperturbed SAW velocity, K the electromechanical coefficient, C~s~ = ε~0\ +~ ε~p~ is the sum of the permittivity of the region above the film and the substrate, and σ~s~ is the surface conductivity of the sensing film \[[@B11-sensors-17-01529],[@B18-sensors-17-01529]\]. In the case of bilayers, important additional parameters which determine velocity changes are the electrical conductivities of both layers and their thicknesses, since both film layers influence the SAW propagation through interaction between their mobile charges and the travelling electron potential φ of the SAW \[[@B17-sensors-17-01529]\].

These mechanisms explain the improvement of the sensor properties in the case of the Pd/ZnO bilayer compared to the single Pd and ZnO layers. The hydrogen absorbtion and diffusion properties of Pd, combined with the excellent diffusion properties of the nanoporous Pd film, cause increased amounts of hydrogen to reach the Pd/ZnO interface. At this interface, the large sensitivity of ZnO surface conductivity to adsorbed species brings about increased hydrogen detection sensitivity. The sensor response of the bilayer Pd/ZnO thin film proposed by us thus combines both mass and acoustoelectric effects, leading to improved sensitivity to hydrogen. The mass effect of the gas on the sensing layer is known to always lead to a decrease of the center frequency of the SAW sensor. The variation of the electrical conductivity, on the other hand, can lead both to an increase and to a decrease of the center frequency \[[@B40-sensors-17-01529]\]. In order for the combination of the mass and acoustoelectric effects to be efficient, the latter must lead to the same result, i.e., a decrease of the SAW center frequency. Otherwise, the two effects counteract each other and the combined response is smaller. As outlined above, this is the case for our sensor structure, since hydrogen is a reducing gas which reacts with the adsorbed oxygen species, releasing electrons into ZnO, increasing the surface conductivity and decreasing the center frequency. We consider that further optimization of the deposition conditions and sensor structure can lead to further improvement of the hydrogen sensing properties, and perhaps to applications for other gases.

In conclusion, a SAW bilayer structure consisting in porous Pd and ZnO layers has been obtained by PLD. The bilayer combines the excellent hydrogen absorbtion and dissociation properties with the sensitivity of surface electron conductivity of ZnO to adsorbed species. The SAW sensor based on this bilayer structure has an improved sensor response due to a combination of the mass and acoustoelectric effects appearing in the presence of hydrogen. The LOD of Pd/ZnO films is about 4.5 times better than the single ZnO films and almost twice better than the single Pd layers, reaching a value of 59 ppm. To our knowledge, it is for the first time that this material combination has been used for bilayers in hydrogen sensors based on surface acoustic waves.

Optimization of the bilayer structure can lead to further improvement of the bilayer Pd/ZnO sensor properties, and future research will be addressed in this direction.
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sensors-17-01529-t001_Table 1

###### 

Sensitivity and limit of detection (LOD) of the sensors towards hydrogen (Δf = frequency shift; c = hydrogen concentration; n = noise level).

  Coating Material   Sensitivity Δf/c (Hz/ppm)   LOD (3\*n)/(Δf/c) (ppm)
  ------------------ --------------------------- -------------------------
  Pd                 0.29                        105
  ZnO                0.15                        261
  Pd/ZnO             0.51                        59
